INTRODUCTION
The yeast Kluyveromyces lactis is an organism that is widely used for basic and applied research. Historically, the capability of this yeast to use lactose as a sole carbon source promoted metabolic studies and industrial b-galactosidase production. Successively, the progression of genetic manipulation, transformation and genome sequencing allowed the enlargement of fields of investigation and biotechnological applications. A specific subject that attracted the attention of research was the regulation of carbon metabolism, in particular fermentable sugars, which presented differences with and similarities to the fermentative yeast Saccharomyces cerevisiae. In the latter organism, glycolytic genes, fermentative genes and glucose transporter genes are present as multiple copies in the genome, and glucose repression of respiration is the predominant regulator of carbon metabolism. The situation is different in K. lactis, where fermentation and respiration occur simultaneously with an equilibrium depending on oxygen supply (Kiers et al., 1998) . The absence of gene duplication allows for the selection and characterization of many glycolytic and fermentative mutants sensitive to the mitochondrial drug antimycin A (e.g. Rag 2 mutants, resistance to antimycin A on high glucose; Goffrini et al., 1989; Wésolowski-Louvel et al., 1992) .
Pyruvate decarboxylase (PDC) enzyme activity is key at the branch point of the fermentative pathway in opposition to the respiratory enzyme pyruvate dehydrogenase. In K. lactis, PDC activity is encoded by a single KlPDC1 gene (Bianchi et al., 1996) whose expression is induced by glucose, repressed by ethanol and depends on certain glycolytic structural and regulatory genes such as RAG3 (Bianchi et al., 1996; Prior et al., 1996; Destruelle et al., 1999) . Moreover, the fermentative pathway is activated in the absence of oxygen (Kiers et al., 1998) , and KlPDC1 transcription is also induced by hypoxia (Destruelle et al., 1999; Camattari et al., 2007) . This hypoxic induction is independent of the presence of glucose but requires the glucose sensor Rag4 (Micolonghi et al., 2011 (Micolonghi et al., , 2012 . The KlPDC1 regulatory genetic elements and mutants have been exploited in this yeast as tools for the production of heterologous proteins (Salani & Bianchi, 2006; Camattari et al., 2007; Ranieri et al., 2009 ).
By contrast, three genes encoding PDC activities are present in S. cerevisiae: PDC1, PDC5 and PDC6 (Schmitt et al., 1983; Seeboth et al., 1990; Hohmann, 1991) . The prevalent fermentative gene is PDC1, which is induced by glucose and repressed by ethanol (Schmitt et al., 1983; Kellermann & Hollenberg, 1988) . The PDC genes of S. cerevisiae are expressed independently of the presence or absence of environmental oxygen (Kwast et al., 2002) as a consequence of the predominance of glucose repression. PDC1 and PDC5 genes are subject to a regulatory mechanism, called autoregulation (Hohmann & Cederberg, 1990; Liesen et al., 1996) , that inhibits transcription from both PDC1 and PDC5 promoters when the Pdc1 protein is present. This mechanism does not require the catalytic activity of PDC since a mutant strain expressing regular levels of an inactive Pdc1 protein still harbours decreased or modulated PDC5 and PDC1 gene expression, respectively (Eberhardt et al., 1999) . Similar to S. cerevisiae, autoregulated KlPDC1 gene expression has been described in K. lactis (Destruelle et al., 1999) . Sequences involved in these transcriptional regulations have been delimited in the promoters of both yeast PDC1 genes (Liesen et al., 1996; Destruelle et al., 1999) and found also to be involved in the ethanol repression of transcription. These sequences are named ERA and ERAlike (ethanol repression and autoregulation) in S. cerevisiae and K. lactis, respectively.
The conservation of autoregulation of the PDC genes, together with other regulatory mechanisms (glucose induction and ethanol repression), in yeasts separated in evolution by determinant events such as whole-genome duplication (WGD) indicates the importance of maintaining these regulations to ensure a proper balance between fermentation and respiration. A model for autoregulation of PDC genes in S. cerevisiae (Liesen et al., 1996) proposes that a transcriptional activator of PDC genes could be sequestered in the cytoplasm through Pdc1 interactions (Fig. 1a) . In the absence of Pdc1, the activator is free to migrate into the nucleus, to interact with ERA sites and to induce expression of PDC genes (Fig. 1b) . In this study we transposed this model in K. lactis and screened for mutants able to modulate transcription of the KlPDC1 promoter in a Klpdc1D strain (Fig. 1c) . One mutation affecting KlPDC1 promoter regulation in the absence of KlPdc1 protein was found and was allelic to the regulatory gene RAG3.
METHODS
Strains, media and plasmids. The yeast strains and plasmids used in this study are shown in Table 1 . The Escherichia coli strain DH5aF9
[w80dlacZDM15 D(lacZYA-argF) U169 deo rec1end1 sup44 l THI-1 gyrA96 relA1] was used as cloning host. The YPD rich medium contained 1 % yeast extract (Becton Dickinson), 1 % peptone (Becton Dickinson) and 2 % glucose. The selective medium (SD) contained 0.67 % yeast nitrogen base (Becton Dickinson) and 2 % glucose
In the wild-type strain, basal levels of KlPdc1 protein (grey circles) and activator factor A (black crosses) are produced by the corresponding genes (grey and black arrows). The KlPdc1 protein interacts with A and prevents or reduces (dashed arrowed lines and crosses) the transcription activity of the KlPDC1 promoter (grey blocks). The reporter gene (white arrow) produces basal levels of b-galactosidase (white circles). (b) In the Klpdc1D strain, the absence of KlPdc1 protein allows A to enter the nucleus (thick arrowed lines) and to promote transcription from the KlPDC1 promoter; a high level of b-galactosidase is produced. (c) When the A gene is mutated (starred gene) or deleted, the activity of the regulator (black star) is impaired and the level of reporter gene expression decreases to the wild-type level or lower.
supplemented with auxotrophic requirements. The GAA medium contained 1 % yeast extract, 1 % peptone, 5 % glucose and 5 mM antimycin A (Sigma Aldrich). Plates contained 2 % agar (Becton Dickinson). Plasmids pML226, pML227, pML228 and pML245 were constructed for the two-hybrid assay by cloning PCR-amplified KlPDC1 and RAG3 ORFs (full or partial) into pLex202 or pJG4-5 vectors ( Table  1 ). The pML235 plasmid is a pCXJ20 derivative expressing the lexAKlPDC1 fusion from the ScADH1 promoter. The pML313 plasmid carrying the RAG3-3HA fusion were constructed by first cloning a RAG3-containing 4450 bp DNA fragment from a pCM23 plasmid into the pCXJ22 vector (yielding pML225), followed by SFH-PCR in vivo recombination with the 3HA sequence (Longtine et al., 1998) . The vectors pFF15 and pDN1 were obtained by cloning the RAG3 and KlPDC1 ORFs plus their promoters in-frame to the GFP ORF in the promoter-less pUG35 plasmid endowed with the K. lactis replication origin (Bianchi et al., 1987) . Cloning details are available upon request. . After growth of the colonies, a layer of 10 ml 0.5 M Na phosphate (pH 7), 4 % dimethyl formamide, 0.1 % SDS, 0.02 % X-Gal and 0.5 % agarose (held at 60 uC) was poured on plates. Plates were then incubated 2 h at 37 uC before white/blue selection.
b-Galactosidase activity. Cells were cultivated in the appropriate liquid medium for 6 h to OD 600 51. After centrifugation, 20-30 OD 600 6vol of cells were washed with 100 mM Tris/HCl pH 8, 1 mM dithiothreitol and 20 % glycerol and resuspended in 100 ml of the same buffer and broken with glass beads. Crude extracts were prepared, and b-galactosidase activities were determined as described by Miller (1972) with modifications (Rose & Botstein, 1983) . Protein content was measured as described by Bradford (1976) , and b-galactosidase activities of K. lactis transformants were standardized to cell extract protein concentrations and plasmid-containing cells (Ura + cells).
Two-hybrid assay. The S. cerevisiae EGY48 strain was co-transformed with pML227 (RAG3), pML228 (RAG3DC) or pML245 (RAG3DN), expressing the corresponding B42 fusions from the GAL1 promoter, and pML226 expressing the KlPDC1 ORF fused to the LexA DNAbinding domain sequence. Transformants were grown on glucose selective medium, and lacZ reporter activation was assessed on galactose selective medium by a colony-lift filter assay and/or a liquid enzymic assay (b-galactosidase activity).
Co-immunoprecipitation. Strain MWK14F co-transformed with plasmids pML235 (LexA-KlPDC1) and pML313 (RAG3-3HA) was grown to OD 600 51-1.5 on SD. Cells (30 OD 600 6vol) were washed with 10 mM Tris/HCl pH 8, 1 mM EDTA, 250 mM NaCl, 0.1 % sodium deoxycholate and resuspended in the same buffer (TEND buffer) plus 0.5 % Triton X-100. Cells were broken with glass beads in the presence of protease inhibitors. About 500 mg of crude extracts were incubated at 4 uC with rotation for 3 h in the presence of 0.5 ml rabbit polyclonal anti-LexA antibody (Upstate Biotechnology). Then, 50 ml of protein A-conjugated agarose beads (Sigma Aldrich) were added and incubated further for 1 h at 4 uC with rotation. Beads were washed three times with TEND buffer and finally proteins were eluted by incubation for 5 min at 95 uC with 50 ml of 125 mM Tris/HCl (pH 6.8), 10 % b-mercaptoethanol, 4 % SDS, 20 % glycerol and 0.05 % bromophenol blue. Samples were fractionated by SDS-PAGE and transferred onto PVDF membranes. After blocking with 20 mM Tris/ HCl (pH 7.5), 137 mM NaCl (TBS buffer), 0.05 % Tween 20, 5 % nonfat dry milk and washing with TBS-Tween buffer, filters were hybridized with mouse monoclonal 12CA5 anti-HA (Roche Diagnostics) or antiLexA antibodies (1 : 5000 in TBS buffer, 5 % milk) for 1 h at room temperature (RT). Filters were then washed with TBS-Tween buffer and treated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse secondary antibodies (Sigma-Aldrich; 1 : 20000 in TBS buffer, 5 % milk). Western blots were visualized using the Supersignal West Femtochemiluminescent substrate (Pierce).
Microscopy fluorescence. Strains MWK14F transformed with pFF15 and MW270-7B transformed with pDN1 were grown in SD supplemented with 2 % Casamino acids (Sigma) and 2 % glucose or 2 % ethanol: 2 ml of the cell cultures were spotted onto a glass slide and immediately imaged at RT. Electron microscopy. Strain PM6-7A transformed with pDN1 or pFFV was cultivated overnight to 2610 8 cells ml 21 in 100 ml of SD medium to select for plasmid-containing cells (30-50 % of the population). Strains MWLK1021 and MWLK1023 were cultivated in YPD medium. Cells were collected by centrifugation and cell walls were digested with cytohelicase (Sigma) as described by Bianchi et al. (1987) . The protoplasts obtained were then rinsed in an isosmotic solution, gently pulled down at 3500-4000 r.p.m. for 1 min and then resuspended in a fixative composed of 4 % formaldehyde and 0.01 % glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 30 min at RT. Antigens (GFP, HA and myc) were revealed by pre-embedding immunocytochemistry according to the peroxidase-anti-peroxidase method. Specifically, after blocking the endogenous peroxidases (10 % methanol and 3 % H 2 O 2 , for 5 min) and non-specific binding sites [5 % defatted dry milk (DM) and 0.2 % Triton X-100 in 0.1 M PB, for 1 h], cells were incubated (48 h at 4 uC) with either one of the primary antibodies: mouse anti-GFP or anti-HA (1 : 200; Santa Cruz) or Ms anti-myc (10 mg ml 21 ; Roche Diagnostics), diluted in 1 % DM and 0.1 % Triton X-100 in 0.1 M PB. After a rinse in PB, cells were incubated for 1 h at RT in 1 : 200 goat anti-mouse IgG (Covance), rinsed in buffer, incubated for 1 h at RT in 1 : 500 Activity Select mouse PAP (Covance) and then rinsed again. Diaminobenzidine (DAB)-H 2 O 2 was used as the chromogen to reveal antibody binding sites. After DAB reaction, cells were rinsed, postfixed in 1 % OsO 4 (osmium tetroxide) and dehydrated at 4 uC in an ascending series of ethyl alcohol (50 % to100 %) and propylene oxide. During dehydration, en bloc staining for 20 min with 1 % uranyl acetate in 70 % ethyl alcohol was performed. Cells were finally embedded in Epon 812 epoxy resin and allowed to polymerize at 60 uC for 3 days. Ultrathin sections (60 nm thick) were cut using a Reichert ultramicrotome, collected on Formvar-coated, single-hole copper grids, lightly counterstained with 0.2 % lead citrate to avoid shading of the immunoreaction product, and viewed under a Philips Morgagni transmission electron microscope operated at 60 kV. Digital images were acquired with a Megaview II camera.
Confocal fluorescence microscopy. Strains PM6-7A and PMI/C1 transformed with pFF15 were grown in SD supplemented with 0.1 % Casamino acids (Sigma). After growth, cells were resuspended in PBS solution containing 4 % glutaraldehyde and 4 % sucrose and fixed for 20 min at RT. Cells were then washed with PBS and stained with propidium iodide (Sigma-Aldrich) solution (50 mg ml 21 ) for 15 min at RT, washed in PBS twice and finally placed on the slide with Mowiol (Sigma) for observation. Fluorescent signals and serial sectioning (Z-stack,~0.3 mm) were scanned and images were captured by confocal microscopy using a Zeiss LSM5 Pa Laser scan microscope (Zeiss).
RESULTS AND DISCUSSION

Selection of a mutant of KlPDC1 autoregulation
The expression of lacZ reporter gene from the KlPDC1 promoter is subject to autoregulation by the KlPdc1 protein Microbiology 160 Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Wed, 09 Jan 2019 00:42:00 (Destruelle et al., 1999) . In fact, the b-galactosidase activity on glucose medium was 10-fold higher in the Klpdc1D strain MM1-12D transformed with vector pMD12 (KlPDC1 promoter fused to lacZ) than in the wild-type (Table 2) , and colonies appeared dark blue when grown on X-Gal plates (not shown). In the model proposed by Liesen et al. (1996) , this phenomenon is likely to be the result of a hypothetical activator of autoregulation (Fig. 1) . In order to identify such a putative activator of autoregulation in K. lactis, we mutagenized the MM1-12D [pMD12] strain with EMS and screened 20 000 colonies on X-Gal plates. We selected 138 clones showing white or pale blue staining. Among them, we eliminated potential structural lacZ mutants by selecting 11 clones still capable of growing on lactose medium. In order to exclude other plasmid mutations affecting lacZ expression, these clones were cured for plasmids they contained, re-transformed with pMD12 plasmid and screened for white/pale blue colour on X-Gal plates. At this stage only one clone, called FP245, was still showing pale blue staining. The b-galactosidase assay in the pMD12 backtransformed FP245 clone revealed reduced transcriptional activity by the KlPDC1 promoter ( Table 2 ), suggesting that the FP245 strain was affected by a positive factor involved in the transcriptional autoregulatory mechanism of KlPDC1.
Identification of the autoregulatory mutation in strain FP245
RAG3 and PDC2 are orthologous genes of K. lactis and S. cerevisiae involved in PDC regulation (Hohmann, 1993; Prior et al., 1996) . As a role for Pdc2 in autoregulation of PDC genes has been hypothesized in S. cerevisiae (Mojzita & Hohmann, 2006) , we tested whether the autoregulatory mutation in FP245 could be allelic to the RAG3 gene with a functional complementation test between the FP245 mutant and the rag3-1 mutant (VV23-1A strain; Table 1 ). The resulting diploid still displayed a Rag 2 phenotype (Fig. 2a) , showing that the rag3-1 mutation was not complemented by the corresponding allele of the FP245 strain and suggesting that the mutation in FP245 was allelic to the RAG3 locus. We sequenced the RAG3 genes in FP245 and other available rag3 mutant strains, and the occurrence of stop codons in different positions within the coding sequence of RAG3 was found in all the mutant strains (Fig. 2b) . The rag3 mutation found in FP245 was further named rag3-565. To confirm the role of Rag3 protein in KlPDC1 autoregulation, we constructed single and double mutant strains of KlPDC1 and RAG3 genes by deletion in the Lac 2 strain MW179-1D (Table 1) , as previously described (Bianchi et al., 1996; Tizzani et al., 2007) . The parental strain and the mutant strains were transformed with the lacZ pMD12 vector, and specific b-galactosidase activities were measured. The results, shown in Table 2 , confirmed the function of Rag3 as a major activator of KlPDC1 transcription in the Klpdc1D background. The effects of gene overdosage of the positive and negative regulators Rag3 and KlPdc1, respectively, were assayed by measuring b-galactosidase activity in a CSK strain that contained the chromosomal KlPDC1 promoter fused to the lacZ reporter gene (Micolonghi et al., 2011) , transformed with multicopy vectors harbouring RAG3 or KlPDC1 genes, i.e. plasmids pCM23 and KEpPDC, respectively. The results, shown in Table 2 , indicated that overdosage of the negative effector gene KlPDC1 (KEpPDC transformants) significantly reduced b-galactosidase expression Table 2 . Specific b-galactosidase activities
Strain [plasmid]
Relevant genotype Activity on glucose (mU mg "1 )* Activity on ethanol (mU mg
ND, no data. *Each value is the mean±SD. DpMD12 transformants -activity values are means of three-four independent clones and are corrected by cell extract protein concentration and by the percentage of plasmid-containing cells. dCSK strain and transformants -pre-cultures of independent CSK transformants were grown and pooled to prepare cells for extraction. KEpPDC is a multi-copy vector containing KlPDC1; pCM23 is a multi-copy vector containing RAG3; KEp6 is the multi-copy empty vector. Four technical repetitions of activity determinations were performed with different reaction times and sample volumes. Plasmid stability in the CSK transformants ranged from 10 to 40 %.
compared with the non-transformed CSK strain (P50.007) and the KEp6 empty vector (P50.0003) transformants. Overdosage of the positive regulatory gene RAG3 (pCM23 transformants) had no significant effect on the expression of the reporter gene (high P values when compared with the empty vector transformants and the non-transformed strain), probably due to sufficient saturation of the regulatory system by the single gene copy and/or because of the large excess of the counteracting KlPdc1 enzyme.
Interaction of Rag3 and KlPdc1 proteins
In the autoregulatory model proposed by Liesen et al. (1996) , the activator is sequestered by the PDC enzyme. Therefore, we first investigated the physical interaction of KlPdc1 with Rag3 by a two-hybrid assay (Methods). Rag3 fusion proteins containing either the N-terminus half or the C-terminus half of Rag3 (Fig. 2b) were also tested. A two-hybrid interaction between Rag3 and KlPdc1 could be effectively detected by measuring the activity of the LacZ reporter gene, but only when the entire RAG3 ORF was tested (Fig. 3a, b) . Therefore the two halves of the Rag3 protein are not independently able to establish the interaction. To confirm in vivo this physical interaction between Rag3 and KlPdc1, we performed a co-immunoprecipitation experiment in the K. lactis MWK14F strain (rag3D) co-transformed with pML313 and pML235 plasmids, expressing respectively the functional Rag3-3HA and LexA-KlPdc1 fusions. Protein cell extracts from the transformed strain were incubated with antiLexA antibody, and the presence of Rag3 in the immunoprecipitate was checked by Western-blot using anti-HA antibodies. Both Rag3-3HA and LexA-KlPdc1 could be detected in the immunoprecipitated material, confirming an in vivo interaction between Rag3 and KlPdc1 in K. lactis (Fig. 3c) .
Cellular distribution of KlPdc1 and Rag3
The first attempt to determine the cellular distribution of KlPdc1 and Rag3 was done by fluorescence microscopy using two plasmids, pFF15 and pDN1 (Table 2) expressing RAG3-and KlPDC1-GFP fusions under their own promoters, respectively. Both fusions were functional, and both plasmids were found present at not more than 1-3 copies per cell as determined by Southern blot analysis of transformed yeast clones (not shown). Plasmids pDN1 and pFF15 were respectively transformed into MW270-7B (wt) and MWK14F (rag3 mutant) strains, and transformants grown on glucose or ethanol were analysed by fluorescence microscopy (Fig. 4) . In glucose-grown cells (Fig. 4a) , KlPdc1-GFP fluorescence appeared distributed throughout the cell cytoplasm and organelles. The fluorescence of KlPdc1-GFP significantly decreased in ethanol-grown cells (Fig. 4b) , possibly as a consequence of the decreased expression of KlPDC1 in ethanol (Bianchi et al., 1996) . Rag3-GFP fluorescence was similarly found distributed throughout the cell, but with a marked nuclear localization in both glucoseand ethanol-grown cells (Fig. 4c, d ). In order to further investigate KlPdc1 and Rag3 localization, we performed immunoelectron microscopy in K. lactis cells carrying either an empty vector (pFFV as a control) or pDN1 (KlPdc1-GFP) and in strains expressing chromosomally functional KlPDC1-13Myc fusion and RAG3-3HA fusion (MWKL1023 and MWKL1021 strains, respectively; Table 1 ). After growth on glucose or ethanol, cells were collected, prepared for immunocytochemistry as described in Methods and treated with anti-GFP, anti-Myc or anti-HA antibodies before electron microscopic analysis (Fig. 5) . In glucose-grown cells, KlPdc1-GFP immunolabelling was more intense and mainly localized in the cytoplasm (Fig. 5a and inset) when compared with ethanol-grown cells (Fig. 5b) . Similarly, KlPdc1-13Myc was mainly detected in the cytoplasmic compartment (Fig.  5d) . Control cells were always immunonegative (Fig. 5c ). Table 1 ). Synthetic selective medium (SD) allowed growth of diploid strains. Antimycin-containing medium (GAA) allowed Rag + and Rag " strains to be distinguished. As a control, the rag3-1 strain was also crossed with the RAG3 strain MM1-12D (Table 1) Interestingly, while KlPdc1 was never detected inside nuclei or cell organelles, whatever the fusion (GFP/13-Myc) and carbon source tested, decoration of portions of perinuclear and cytoplasmic organelle membranes emerged in both glucose-(inset Fig. 5a ) and ethanol-grown cells (Fig.  5b) , especially when the immunoreactivity was less intense. This result suggests that KlPdc1 is mainly cytoplasmic but may be associated with discrete areas of the nuclear membrane. Association of KlPdc1 with membranous structures was also supported by the systematic finding of conspicuous amounts of KlPdc1 in the residual, insoluble portions of cell fractionations, analysed by either Western blotting or PDC activity assays (not shown). Unfortunately, immunolabelling of Rag3-GFP was too faint to determine its localization by electron microscopy. As an attempt to improve Rag 3 detection under more severe conditions led to extended cell damage, we used confocal microscopy to localize Rag3-GFP fusion expressed by plasmid pFF15 (Table 2) transformed wild-type (PM6-7A) cells grown on glucose. Rag3-GFP fluorescence was distributed homogeneously in the wild-type cells without significant accumulation corresponding to any internal structures (Fig. 6a) . We also evaluated Rag3-GFP localization in cells devoid of KlPdc1 (Klpdc1D strain PMI/C1, Table 1 ). Interestingly, Rag3-GFP was predominantly localized in the nuclei in the absence of KlPdc1 (Fig. 6b) , overlapping the propidium iodide fluorescence used for nuclear staining. This result indicates that cytoplasmic and nuclear distribution of Rag3 depends on the presence or absence of the KlPdc1 protein, respectively.
Conclusions
In the present report we have demonstrated that Rag3 is the positive regulatory factor responsible for the high level of transcription of the KlPDC1 gene when released from (Fig. 2b) , which shares 70 % identity with the S. cerevisiae Pdc2 orthologous DNAbinding domain. Pdc2 protein interacts with upstream regions of THI genes and PDC5 pyruvate decarboxylase gene in S. cerevisiae (Nosaka et al., 2012) . In K. lactis, chromatin immunoprecipitation (ChIP) analysis demonstrated the presence of Rag3 in close proximity to KlTHI genes (data not shown), but our attempts to detect an interaction between Rag3 and KlPDC1 promoter remained unsuccessful with both ChIP and electrophoretic mobility shift assay (EMSA) methods. Interestingly, we previously showed that a mutation in the KlGCR1 gene could restore KlPDC1 gene expression and fermentative growth in rag3 mutants (Tizzani et al., 2007) , indicating that KlGcr1, a transcriptional activator of several glycolytic genes in K. lactis, may cooperate with Rag3 to activate the KlPDC1 gene. Even if the mode of action of Rag3 is still an open question, our results are compatible with a model where the regulatory activity of Rag3 depends on KlPdc1 concentration and in which Rag3 might be involved in the fine-tuning of KlPDC1 expression in consequence of KlPdc1 fluctuations. Since Rag3 is also a regulator of thiamine biosynthesis (Prior et al., 1996) and the PDC enzyme requires thiamine for activity, a general role in the coordinate expression of both pathways might be ascribed to Rag3. Interestingly, the b-galactosidase activity in ethanol medium (Table 2) revealed that ethanol repression of KlPDC1 expression was completely abolished in the absence on KlPdc1 (wild-type vs Klpdc1D strain) and was independent of Rag3 (MW179-1D vs 179/RD), suggesting that KlPdc1 may also control a negative regulator of the KlPDC1 gene in addition to the positive regulator Rag3.
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